A series of linear low-density polyethylene films were produced using a three-layer co-extrusion machine. How the blow-up ratio and resin characteristics affected the final film morphology and engineering properties were studied. The crystalline morphology and orientation during the blown film process of the low-density polyethylene film were investigated using small-angle X-ray scattering, transmission electron microscopy and scanning electron microscopy. Increasing the blow-up ratio increased the transverse direction molecular orientation and decreased the machine direction orientation. The resulting low-density polyethylene morphology was a regular lamellar stacking parallel to the machine direction. The film morphology strongly influenced the mechanical properties. Increasing the blow-up ratio from 1.7 to 2.8 decreased the machine direction tensile strength by 14% and increased the transverse direction tensile strength up to 27% for both the low-density polyethylene/1-butene and low-density polyethylene/1-octene co-monomers, while the machine direction tear strength increased up to 36% and the transverse direction decreased by 16%. Moreover, the first and second heating characteristics from differential scanning calorimeter showed the inherent crystallinity change with increasing blow-up ratio for both the low-density polyethylene/1-octene and the low-density polyethylene/1-butene copolymer. The crystalline orientation changes induced with increasing blow-up ratio affected the film water vapor and oxygen permeability.
Introduction
Polyethylene (PE) possesses good properties for packaging film applications, such as flexibility, strength, toughness, lightness, stability, moisture, and chemical resistance. Although the PE blown film process is widely used for film production, how PE crystalline morphology depends on processing parameters is not completely understood. For blown films, the film structure-property relationship, the knowledge on the structural formation, and the effect of the process conditions on the film properties are important. As a consequence, the final PE film mechanical and barrier properties depend on the individual chain molecular structure that is assembled into the nano-structured morphologies. 1 With respect to film production in blown film process, the film properties are influenced by many variables, including the base polymer intrinsic properties, such as the molecular weight, molecular weight distribution, density, long and short branches, equipment and processing conditions, which result in the different film properties. This means that the orientation, crystallinity and the morphology have pronounced effects on the final properties of the PE film. 2 Structural parameters, such as the degree of crystallinity ðX C Þ, the crystalline and non-crystalline structure and the crystallite thickness, have an important role in establishing the PE film engineering properties. 3, 4 In addition, the PE blown film tear performance is related to the molecular orientation, as seen by an investigation of the lamellae where the transverse direction (TD) tear strength was high when the crystalline lamellae were minimally curved and oriented closer to the TD. 5, 6 Some earlier studies reported on how processing parameters influence the film structure and properties of one-layer linear low-density polyethylene (LLDPE), low-density polyethylene (LDPE) and high density polyethylene. [1] [2] [3] [4] [5] [6] However, there was no clear knowledge relating the structure to multilayer blown film properties consisting of thin layer morphology and melt boundary between layers. Thus, this work focuses on how blow-up ratio (BUR) affects the tensile properties, tear strength and gas permeability of three-layered LLDPE copolymer films with 1-butene (LLDPE-C 4 ) or 1-octene (LLDPE-C 8 ), which also relates to the blown film crystallinity, and structural and morphological parameters.
Experimental Materials
The LLDPE-C 4 copolymer (1.0 melt flow index (MFI), 0.920 g/cm 3 ) was obtained from PTT Global, Thailand, while the LLDPE-C 8 copolymer (1.0 MFI, 0.918 g/cm 3 ) was obtained from DOW Chemical, Thailand. The LDPE (2.0 MFI, 0.919 g/cm 3 ) was supplied by SCG Chemical, Thailand. MFI test was performed at 2.16 kg load and 190 C.
Preparation of LLDPE-C 4 and LLDPE-C 8 films
The three-layered films were produced on a co-extrusion blown film machine (Reifenhauser Co.) with a 350 mm die diameter and a 1.8 mm die gap. The extruder temperature profile from the hopper to the die was set at:
. The frost line height was 115 cm and the film thickness was controlled at 100 mm. Table 1 summarizes the film compositions.  Table 2 summarizes the BUR (ratio of film bubble diameter to extrusion die diameter) and DDR (draw down ratio).
The films were denoted as LLDPE-C 4 _Bx where x indicated the BUR (1.7, 2.0, 2.5 or 2.8).
Morphological properties
Small-angle X-ray scattering (SAXS) data were collected from the beamline BL1.3W of the Synchrotron Light Research Institute, Nakhon Ratchasima, Thailand, using an X-ray energy of 9.0 keV and a sample-to-detector distance, calibrated by using a block co-polymer SEBS standard, of 3300 mm. The twodimensional (2D)-SAXS patterns were recorded by using Rayonix SX165 CCD detector. High-quality 2D scattering patterns were obtained using a 100 s exposure time. The unidimensional (1D)-SAXS profile, as a function of the scattering vector q (q ¼ 4psin/l, where 2 is the scattering angle), was obtained using SAXSIT, an in-house developed SAXS data processing software available at the BL1.3W.
The SAXS study was performed in TD-MD plane of three-layered films and the overall film results only point out general trends while the individual layers were not studied. These results could not provide any detailed scientific insight for each layer.
Microscopic observations were performed on a JSM-7610F field emission scanning electron microscope (FE-SEM) at 5 kV acceleration voltage of 5 kV with 3000 Â magniEcation. The samples (without etching) were coated with a thin gold layer prior to SEM analysis to improve the surface conductance.
Transmission electron microscopy (TEM) analysis in ND-MD plane of the LLDPE-C 4/8 copolymer blown films was performed on a Philips model TECNAI 20 transmission electron microscope at 75 kV with 55,000 Â magniEcation (ND is the normal direction which is perpendicular to TD-MD plane). The samples were immersed in 1% osmium tetroxide solution. A Leica Ultracut R ultramicrotome was used to prepare the blown Elm specimens for TEM analysis.
Mechanical properties
Tensile tests were performed on a universal testing machine (LLOYD LRF PLUS) per ASTM D882 standard with 50 Â 15 Â 0.001 mm samples. The cross head speed was 50 mm/min. At least five specimens were tested and their average value is reported. Tear strength test was conducted using tear tester (Thwing Albert) per ASTM D1922 standard with a 1600 g pendulum. At least five specimens were tested and their average value is reported.
Characterization
Thermal properties. The thermal behavior was evaluated by differential scanning calorimetry (DSC; Perkin Elmer) under a nitrogen (N 2 ) atmosphere. The sample was heated from 50 C to 150 C at 10 C/min and held isothermally for 1 min to erase its thermal history. Then, the sample was cooled to 50 C at 10 C/min under a N 2 atmosphere and subsequently heated to 150 C at the same heating rate (PE equilibrium melting temperature is 141.4 C). The LLDPE-C 4/8 copolymer film X c was determined by equation (1)
where ÁH M ¼ melting enthalpy for 100% crystalline polyethylene (289 J/g) 4 
ÁH ¼ LLDPE blown film sample melting enthalpy
Water and oxygen permeability. The water vapor and oxygen permeability was measured using a Mocon apparatus. The instrumental apparatus consisted of a double chamber diffusion cell. For water vapor permeability, the film was inserted between the two chambers: a N 2 flux containing water vapor entered in the bottom chamber, and a dry N 2 flux flowed in the upper one. A zirconium oxide sensor measured the H 2 O diffusion across the film. The exposed film area was 50 cm 2 . Collected data were converted to the water vapor transmission rate (WVTR). Water vapor permeability measurements were performed at 38 C and 90% relative humidity, as a representative tropical condition. For oxygen permeability, the LLDPE-C 4/8 blown film samples were inserted between 12 mm of biaxially oriented polyethylene terephthalate (PET). The test on LLDPE/PET films was performed to attain the permeability in the measurable range with good sensor accuracy. The exposed film area was 5 cm 2 . Collected data were converted to the oxygen transmission rate (OTR), and the oxygen permeability measurements were performed at 23 C with 99.7% O 2 .
Results and discussion Morphology
The overall 2D-SAXS pattern for the LLDPE-C 4 and LLDPE-C 8 blown films ( Figure 1 ) indicated qualitatively that the film crystalline morphology preferred orientation along the MD direction. All the LLDPE-C 4/8 films showed a tear drop SAXS shape along the vertical axis parallel to the MD. This confirmed that the crystalline lamellae stacks alternating with amorphous layers were oriented normal to the stacks parallel to the MD (indicated by arrow direction). The SAXS patterns could be interpreted in terms of a twophase lamellar system, where the crystalline lamellae grew perpendicular to the film elongation direction. 7 The different structures seen in the overall 2D-SAXS pattern showed that the tear-drop SAXS shape changed to lobed as the BUR increased. At a low BUR (1.7 and 1.8 for LLDPE-C 4 and LLDPE-C 8 , respectively), the tear-drop SAXS shape represented a stack of lamellar morphology with a distribution of crystal lamellae and amorphous thicknesses. The lobes in the SAXS patterns were broadened in the meridian direction (towards the beam stop) due to the irregular thicknesses and distances between lamellae. As the BUR increased, the lamellae became more regularly spaced and of equal thickness, and the SAXS lobes became sharp at a high BUR (2.7 and 2.8 for LLDPE-C 4 and LLDPE-C 8 , respectively), representing a distinct two-spot pattern. 7 The overall SAXS pattern results for the three-layered film only pointed out the general trends and could not provide any detailed scientific insight into each layer. However, this observation was like the earlier one-layer film work. 1, 8 In addition, the crystalline morphology of LLDPE-C 4 and LLDPE-C 8 blown films at all BUR was consistent with a lamellar stack morphology, where the lamellae grow perpendicular to the elongation direction from highly extended molecular chains or shish. Thus, the crystallization of blown film could be interpreted using the classical coil stretch model for entangled polymer melts. 7 From Figure 2 , the 1D-SAXS intensity decreased as the BUR increased. This indicated the reduction of the electron density contrast between the crystalline and amorphous layer in the lamellar structure. Thus, it can be deduced that the shish concentration decreased with increasing BUR. However, the 1D-SAXS intensity indicated that the low electron density contrast in LLDPE-C 8 blown film (in comparison with LLDPE-C 4 blown film) was affected by the long chain branching. Then, the induced crystallization was obstructed and hence a low overall induced crystallinity attained. 7, 8 From the LLDPE-C 4 and LLDPE-C 8 blown Elm TEM micrographs ( Figure  3 ), considerable differences in the lamellar organization between LLDPE-C 8 _B1.8 (Figure 3(a) ) and LLDPE-C 8 _B2.7 (Figure 3(c) ) were observed. At a low BUR, the lamellae did not exhibit the visual orientation of their lateral dimensions, but at a high BUR, the well-oriented and well-deEned stacked lamellae and distinguishable amounts of row-nucleated Ebril structures in the MD direction were distinctly visible. The morphology of the LLDPE-C 4 Elms was similar to the LLDPE-C 8 films, except that the Ebril nuclei were not clearly seen in the TEM micrographs of the LLDPE-C 4 films in contrast to their absence in the LLDPE-C 8 blown films. The TEM micrographs further supported the SAXS Endings described above that the LLDPE-C 4/8 blown film morphology consisted of rows of a nucleated crystalline structure. 9, 10 Similarly, the FE-SEM micrographs for the two LLDPE-C 4/8 blown Elms (Figure 4) showed a different lamellar stack organization for the LLDPE-C 4 and LLDPE-C 8 blown Elms. At a low BUR, the FE-SEM micrograph showed lamellae oriented in the MD direction, but as the BUR increased the lamellae became more randomly oriented due to the greater crystalline phase orientation in the TD. Thus, the SAXS, TEM and SEM analyses revealed qualitatively similar results. However, it was not possible to obtain quantitative information on lamellar orientation from the TEM and SEM micrographs.
10,11
Mechanical properties Figure 5 plots the mechanical properties of LLDPE-C 4 and LLDPE-C 8 blown films. The tensile strength, modulus of elasticity, and elongation at break were measured in the MD and TD. The LLDPE-C 4 blown film tensile strength decreased in the MD (from 27.8 to 23.9 MPa) and increased in the TD (from 21.2 to 27.0 MPa) with increasing BURs (from 1.7 to 2.8). It can be explained that the decreased MD orientation at a higher BUR was due to increased feed rate to maintain constant thickness. At a higher BUR, the Van der Waals forces between the chains, which were not as strong as the covalent bonds inside the chains, were insufficient to withstand the tensile load resulting in a reduced tensile strength. 2 In contrast, the TD polymer chain orientation increased, resulting in a higher tensile strength. The tensile strength change for the LLDPE-C 4 blown films with increasing BURs (from 1.7 to 2.7) showed a similar behavior to the LLDPE-C 8 blown films.
The LLDPE-C 4 and LLDPE-C 8 blown film modulus of elasticity (at any BUR) could be explained by the row nucleated structure. As the film was stretched in the MD, the structure deformed in an iso-stress pattern, and so the modulus of elasticity was dominated by an amorphous phase. On the other hand, when the film was stretched in the TD, the structure deformed in an iso-strain pattern and so the modulus of elasticity was dominated by the crystalline phase. 3 Thus, the TD modulus of elasticity was higher than the MD because all the blown films were preferentially orientated along the MD. As the BUR increased, the film modulus decreased in both the MD (from 192.1 to 143.0 MPa) and the TD (205.2 to 162.3 MPa), where at a high BUR the core structure was not perfectly aligned in the MD, resulting in a more random crystallite configuration. 4 All LLDPE-C 4/8 film samples presented a plastic deformation via necking and strain hardening at a high deformation and the MD elongation at break of the LLDPE-C 8 blown films was lower than in the TD (Figure 5(c) and (c  0 ) ). The elongation at break for the LLDPE-C 8 blown films increased in the MD (from 793 to 864%) and TD (from 895 to 988%) with increasing BURs (from 1.7 to 2.7). Generally, the higher orientation would increase the crystallization rates. In this case, the higher surface area to cool the bubble at higher BURs could be a major factor in the lower crystallinity, resulting in a higher MD and TD elongation. Thus, the non-uniform stretching behavior reflected the anisotropic orientation of the PE lamellar crystals. 1 A stacked lamellae film morphology can strongly influence the tear strength. The MD tear strength for a constant gauge increased (339 to 460 g f ) as the BUR increased. This can be explained by the nucleated structure in rows, where a high degree of chain orientation along the MD leads to a poor tear strength in that direction. 6 This is due to the fact that the tear propagation parallel to the backbone chain requires less energy than propagation perpendicular to the backbone chain. 11 For any BUR, the TD tear strength (1206-1394 g f for LLDPE-C 8 ) was higher than in the MD (339-460 g f for LLDPE-C 8 ) due to the nucleated row structure. Thus, those films that had the greatest degree of orientation relative to the MD showed the poorest MD tear strength ( Figure 6 ), being unable to resist tear propagation along the MD, with an enhanced ability to resist tear propagation along the TD. In addition, the films processed with the lowest BUR, and thus containing the greatest MD orientation, had the greatest TD tear strength. 6, 11 Thermal properties Table 3 summarizes the thermal characteristics of the film. In the blown film process, the crystallization occurs in the melt state from the shear stress in the die, extrusion and stretching during film blowing. The first DSC heating peak showed interesting information related to the blown film process. The two melting peaks around 118-119 C and 121-122 C were observed interpreting the existing two crystallite sizes in the LLDPE blown film. As the BUR increased, the X C of LLDPE-C 4/8 decreased due to the low MD stretching at the high BUR. The X C of LLDPE-C 8 films (29.9-26.8%) tended to be slightly lower than the LLDPE-C 4 films (29.4-28.8%). This indicates that the LLDPE-C 4 with a short branch crystallized easier than the LLDPE-C 8 with a longer branch. Although the ÁH m and X C distinctly decreased as the BUR increased, the LLDPE-C 4 / 8 blown film T m change was not clearly seen by DSC technique, indicating that the LLDPE blown film melting behavior was not affected by crystalline structure and molecular motion in the amorphous phase. 12 However, the second DSC heating peak showed the similar results with the inherent PE crystallinity. This indicates that the other properties such as tensile properties, tear properties, permeability, and film morphologies affected by crystallization induced by blown film process. Table 4 summarizes the water and oxygen permeability of the LLDPE-C 4 and LLDPE-C 8 blown film. The water vapor and oxygen permeability of the LLDPE-C 4 film was lower than the LLDPE-C 8 films. Similar results were previously reported for LLDPE/LDPE films, where the blown film permeability did not depend on the film thickness. 1 In this study, it was evident that the added LLDPE-C 8 increased the WVTR by 16-21% with increasing BURs from 2.0 to 2.5. This could be that the added LLDPE-C 8 caused a less tortuous path for the gas molecules to diffuse through the film. Thus, increasing the BUR significantly increased the water vapor permeability of both LLDPE-C 4 and LLDPE-C 8 blown films. The oxygen permeability of LLDPE-C 4/8 film also showed the similar trend that the OTR increased as the BUR increased.
Water and oxygen permeability
Moreover, it was explained that the film permeability of the non-polar polyethylene with flexible chains has a low cohesive energy density relating to the activation energy for diffusion, whereas the low water permeability of polyethylene is due to a low interaction level between highly polar water molecules and non-polar PE structural units. 13 In this study, the OTR of LLDPE-C 4/8 (185.9-300.2 cm 3 /[m 2 -day]) was quite low due to the sample preparation and testing method, so the comparison between the water vapor and oxygen permeability could not be presented. Hence, it can be deduced that the water vapor and oxygen permeability was affected by both BUR and LLDPE type. In addition, the increase in LLDPE-C 4/8 film WVTR and OTR as the X C decreased (Tables 3 and 4) led to the relation between permeability and crystallinity. It can be said that the LLDPE-C 4/8 film permeability is inversely proportional to the X C .
Conclusion
In this work, the effects of the processing BUR on the morphological and engineering properties of the LLDPE-C 4 and LLDPE-C 8 blown films were reported. The crystalline morphology of all the film samples at all BURs investigated, using SAXS, TEM and SEM analyses, revealed the presence of stacks of lamellar crystals alternating with amorphous layers oriented normal to the layers parallel to the MD. Increasing the BUR caused the crystalline lamellae to grow perpendicular to these shish and were restricted in their orientation, with the overall 2D-SAXS showing a meridian two-spot pattern representing a highly oriented regular lamellar morphology. The film properties and film morphologies also showed behavior that conforms to the shish lamellae (row nucleated) model that was supported by similar SAXS pattern of blown films reported earlier. The engineering properties, in terms of the tensile strength, modulus of elasticity, elongation at break, tear strength and water vapor and oxygen permeability, were strongly related with the film morphology. Increasing the BUR yielded a higher TD molecular orientation, resulting in an increased TD tensile strength and a decreased TD tear strength and modulus of elasticity. An increased BUR also led to faster cooling, resulting in a lower crystallite orientation and so the elongation at break and water vapor and oxygen permeability increased.
